The breakthrough of terahertz quantum cascade lasers (THz QCLs) as viable terahertz sources and their continuous performance improvement 1 imposes more urgent demands for high-performance terahertz detectors. Quantum Well Photodetector (QWP) devices have shown their great potential to be compact, efficient and fast terahertz detectors. 2 The development of Terahertz Quantum Well Photodetectors (THz QWPs) devices relies on refined structure designs and more accurate performance prediction, which would open terahertz technologies to a wide range of applications, including biomedical, homeland security, and telecommunications.
Experimental observations of the peak absorption frequencies show substantial discrepancy from design values. It has been speculated that the discrepancy mainly results from many-body effects (MBEs). 3, 4 In fact, the typical barrier height in a THz QWP is very small (about 20 meV or less), implying that accurate calculation of quantum designs becomes very critical. Ignoring many-body effects, which is a common practice in designing mid-infrared QWPs, is not a good approximation in the terahertz range. We show here how to quantitatively choose the Al fraction of the barrier, the quantum-well thickness, and the doping density to achieve maximum absorption at a desired frequency. We also explain how it is possible to take advantage of manybody effects to tailor more efficient designs. To our knowledge, this is the first time that MBEs have been exploited as a way to improve THz QWP performances.
The THz QWPs in this study are based on the GaAs=Al x Ga 1Àx As material system, in which GaAs is the quantum well layer and Al x Ga 1Àx As is the barrier layer. The main task of THz QWP device design is to find the optimum well width for a given barrier height to maximize device detectivity at a design frequency. It is defined as the well thickness at which the first excited state in the well is in resonance with the top of the energetic barrier. The energy states are calculated from the one-dimensional Schr€ odinger equation 
with a total potential VðrÞ ¼ V cr ðrÞ þ V H ðrÞ þ V xc ðrÞ þ eFz and an electron effective mass m e , h being the reduced Planck constant. V cr represents the ideal square potential of the crystal, V H is the Hartree potential resulting from the electron gas and the ionized donors, V xc is the exchange-correlation potential, and the last term eFz represents the potential due to externally applied bias.
The Hartree and the exchange-correlation potentials are calculated within the local density approximation 3, 4 V H ðzÞ ¼ e
where s ð 0 Þ is the static (vacuum) permittivity, N D ðzÞ is the doping profile and n(z) represents the electronic distribution
T is the temperature, k B is the Boltzmann constant, E f the Fermi level and E i is the i th bound state. First, we calculated the optimum well width for a given barrier height by using only the ideal square potential and ignoring the many-body effects. In a second step, Hartree and exchange-correlation potentials were included in simulations to obtain self-consistent new wave functions and energy states and to determine the optimum well width for each Al fraction. Depolarization shift was included after this self-consistent iteration process. We chose to neglect the exciton shift in accordance with Guo. 5 The finalized a)
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where a represents the depolarization shift
N 2D is the two-dimensional sheet carrier density. Dark current can be divided into two different mechanisms: interwell tunnelling (from one ground state to the next ground state) and thermally activated (from ground state to continuum, directly or tunnelling through the barrier). The tunnelling component is
D(E) is the transmission probability and had been calculated in the framework of the WKB approximation. Instead of the usual analytical expression for square barriers, we used a numeric calculation which gives better results with arbitrary potential shapes. V is the voltage drop across the barrier and v is the drift velocity related to the electric field F by
For the mobility lðTÞ we used the values reported by Tan 7 as well as his expression of the total dark current Figure 1 shows the correlation between Al fraction and well thickness when only the ideal potential (black curve) is taken into account as well as the corresponding absorption frequencies (black values). The corrected peak absorption frequencies are written in red in Fig. 1 . Peak absorption frequency is blue-shifted after taking MBEs into account, agreeing with Graf. 4 The blue shift is slightly overestimated because the simulation does not include the exciton effect on the intersubband transition, which tends to red shift the absorption frequencies. Simulations also show that the first excited state becomes off-resonance with the top of the energetic barrier under the influence of MBEs. To restore the resonance a new optimal well width needs to be identified in the context of MBEs. The blue curve in Fig. 1 shows this revised well thickness along with the corresponding corrected peak absorption frequency. MBEs render the quantum well effectively deeper, thus a narrower well is needed to raise the first excited state so as to re-align with the barrier top.
For example, at Al fraction of 1.5% one can note that the optimum well width is reduced from 213 Å to 157 Å after the consideration of MBEs. For a device with 23 modules, 8 this well-width reduction means that total growth would be 1288 Å less, meaning that an extra module (1108 Å ) can be fit in within the same target device thickness to increase the total absorption.
To better understand the impacts of doping density, designs with different sheet doping densities ranging from 10 9 cm -2 to 10 11 cm -2 are simulated. The results are shown in Fig. 2 . As expected, larger correction to the peak absorption peak is observed at higher doping densities. For commonly used doping densities (mid-10 10 cm
À2
) and Al fractions (1% to 3%) the peak absorption frequency is blueshifted by up to 20% after considering MBEs. As the doping concentration increases to 10 11 cm
, this blue shift becomes more prominent (dotted vs. solid curves in the inset of Fig. 2) .
The red curves in Fig. 2 shows the contribution of each part of the MBEs to the correction of intersubband transition energy (proportional to the peak absorption frequency shift). It represents the magnitude of V H and V xc as well as the depolarization shift defined by
Exchange-correlation is shown to be the dominant effect, especially at low doping densities. The figure shows that MBEs are clearly playing an important role in THz QWP designs, especially for low barrier heights. In this case, V H and V xc tend to be comparable to, and even greater than, the natural conduction band offset (intrinsic energetic barrier height). Another important impact of the MBEs is the energy state burying. In fact, the first excited state is below and thus loses its alignment with the top of the barrier because of the additional Hartree and exchange-correlation potentials such as pictured in Fig. 3 . This causes the wave functions to decay much faster in the barrier and increases the oscillator strength by 60%-70%. To address this issue, the well width has to be decreased to bring the excited state back to resonance. The left curve (blue) in Fig. 1 shows this new optimum well width.
As discussed, the MBEs have a dramatic impact on device performance of THz QWPs. By changing the doping distribution, the effective potential profile can be engineered to exploit MBEs and device structures with improved performance are proposed.
Three THz QWPs designs with different doping profiles are designed with a target peak absorption frequency around 2.75 THz. Their design parameters are summarized in Table I . S01, S02, and S03 are doped, respectively, in the centre of the well, into and further into the barriers. For comparison, a fourth THz QWP (Ideal) was also simulated without MBEs. Their effective potentials and the lowest two wavefunctions are plotted in Fig. 3 . Figure 3 shows the additional MBEs potentials deviate the effective potential profile substantially from the ideal square potential (see Figs. 3(a) and 3(b) ). By splitting the dopant profile into two parts and moving them symmetrically into the barriers, the deviation in potential profile can be substantially reduced (Fig. 3(c) ). In fact, V xc is not changing as it depends mainly on the ground wave function, whereas V H becomes positive in the center of the well when moving the doping out of the well and into the barriers, thus compensating for V xc . The total effective potential is therefore modified back to the ideal square potential. If the doping profile is shifted further into the barriers (S03) V H can overcome V xc in the barrier, thus creating potential bumps close to the well as shown in Fig. 3(d) . Then the structure could behave like a double barrier QWP 9 without having two barriers with different Al concentration, which simplifies the growth process.
The total dark current as well as its interwell tunnelling component at 7 K of the four structures in Table I were calculated and the results are plotted in Fig. 4 . As a rule of thumb, the tunnelling component of the dark current should be kept sufficiently low (i.e., about one order of magnitude below the total dark current) to avoid bottom-out effects. 10 From the figure, one can note that this rule is satisfied in the ideal square potential case where MBEs are not included in the simulation. When the MBEs are included and the doping profile remains the same (such as S01), both the total dark current and its tunnelling component are drastically increased, leading to deteriorated device performance. The overall effective potential in S02 is getting closer to the ideal square potential, thus its tunnelling current component is reduced comparing to S01. Shifting dopants further apart into the barriers in S03, the tunnelling component is further reduced to a level that is very similar to that of the ideal square potential case. More importantly, the total dark current in S03 is now lower than that of the ideal case, partially due to its effective double barrier potential profile. The absorption is found to be similar for S01 and S03, but the dark current of S03 is one order of magnitude lower than that of S01. It is expected that the detectivity of S03 will be at least three times as that of S01 (D / g= ffiffiffiffiffiffiffiffi j dark p ). We systematically studied the consequences of MBEs on THz QWP design, and found that the absorption frequency is importantly blue-shifted (by up to 25% against the ideal case). In addition, the well width should be substantially reduced to maintain the excited state at resonance, especially for high doping densities and low Al fractions. Exchange-correlation is also shown to be the predominant effect. Finally, we demonstrate how it is possible to exploit MBEs to increase device performances by moving doping to the sides. An innovative design similar to the double barrier QWP is proposed to decrease the dark current by one order of magnitude. In order to reach a more accurate model some refinements have to be considered. First, the major approximations made in our calculations are assuming a constant electric field throughout the active region. This is not a good approximation for the wells close to the contacts as they experience recharging processes. 11, 12 Optically induced electric-field domains 13 have not been taken into account as the I-V curves under illumination 14 do not show a plateaulike regime. It would also be important to simulate the doping diffusion during the growth. Such a phenomenon is changing the donor position and then the effective potential.
